The structure of baculovirus-expressed porcine parvovirus (PPV) capsids was solved using X-ray crystallography and was found to be similar to the related canine parvovirus (CPV) and minute virus of mice (MVM). The PPV capsid protein has 57 % and 49 % amino acid sequence identity with CPV and MVM, respectively, but the degree of conservation of surface-exposed residues is lower than average. Consequently, most of the structural differences are on the surface and are the probable cause of the known variability in antigenicity and host range.
Introduction
Parvoviruses infect most vertebrates and many arthropods, causing a variety of diseases. Many parvoviruses have been isolated from mammals, including humans, dogs, cats, rodents, cows, and pigs 1,2 ( Figure 1 ). The human parvovirus B19 is widespread, causing the childhood ®fth disease (erythema infectiosum), as well as transient arthritis in adults and more severe anemias due to erythroid marrow failure.
From the structural perspective, the most closely studied group of parvoviruses is that containing CPV, 3 ± 5 feline panleukopenia virus (FPV), 6 MVM, 7 and closely related strains that infect other carnivores and rodents. Parvoviruses have a 280 A Ê diameter, icosahedral capsid consisting of 60 copies of a mixture of viral proteins (VP) 1 and 2 and, in some cases, VP3 and VP4. 8 These VPs differ only in their amino-terminal initiation or post-translational modi®cation. PPV has 729 amino acid residues in VP1, of which 150 form the amino-terminal unique portion which is absent in VP2. The aminoterminal region of VP2 can be externalized in capsids containing viral ssDNA by way of channels at the 5-fold vertices, which are threaded by a glycine-rich sequence. 3, 9 The surface of rodent or carnivore parvoviruses consists of small``spikes'' on the 3-fold axes,``dimples'' on the 2-fold axes, and`c anyons'' surrounding the 5-fold vertices. 3 Parvovirus capsids are of interest because of their small size and relative simplicity, because the viral capsids are an important determinant of host range, 10, 11 and because they are the target of host protective immunity. Some parvoviruses, including human adeno-associated viruses (AAV), are promising vectors for gene therapy for which the target cell type is largely determined by the capsid. 12 Although parvoviruses appear to evolve primarily by gradual drift (Figure 1) , thereby altering the tissue tropism within a single host, in some cases they have changed or extended their host ranges to infect other hosts. The best characterized example is the adaptation of FPV to dogs. The primary host range differences between CPV and FPV result from changes in only two residues on the capsid surface. 10, 15 However, the mutation of other surface residues on CPV can prevent the virus from infecting dog cells. 11, 16 The site of host-range determining amino acids appears to be responsible for host-speci®c binding of the feline transferrin receptor (TfR) to CPV and FPV (C.R.P. & K. Hueffer, unpublished results).
Porcine parvovirus (PPV) is a common cause of reproductive failure in swine. 17 PPV is genetically most closely related to a group of rodent parvoviruses, including minute virus of mice (MVM), and to a group of carnivore parvoviruses, including CPV, with which the major capsid protein (VP2) has 49 % and 57 % sequence identity, respectively. Many PPV isolates, including NADL-8 and IAF-76, have been obtained from various infected fetal tissues, while others, such as Kresse and IAF-A54, replicate in epidermal cells causing dermatitis, suggesting that the differences in pathogenicity are due to the distinct tissue tropisms of these strains. 17 ± 19 The NADL-2 strain, of which the structure is reported here, is non-pathogenic and is used as a vaccine. Although little is known about the cellular receptors for PPV, the tissue tropisms of other parvoviruses are at least partially determined by their capsid interactions with cell surface molecules. For instance, CPV can interact with feline TfR to infect otherwise non-susceptible cells, 20, 21 and B19 requires the presence of the glycolipid, globoside, to infect human erythroid precursor cells. 22 Here, we report the structure of self-assembled, virus-like particles composed of VP2 subunits of the NADL-2 strain of PPV. We analyze the sequence differences between the Kresse and NADL strains in terms of their structure and tropisms. We also compare the NADL-2 structure with more distantly related parvoviruses.
Results and Discussion
The structure of the virus-like particles
The NADL-2 strain of PPV is non-pathogenic and is currently used as a vaccine, 23 but differs in only a few residues in its capsid protein from pathogenic strains of PPV. 17 PPV NADL-2 capsid protein was expressed using a baculovirus system, and the resultant assembled particles were puri®ed and crystallized at pH 6.5. The crystal structure was solved using data to 3.5 A Ê resolution. The structure of the virus-like particles was similar to CPV, FPV, and MVM, with a maximum deviation between C a atoms of 5.5 A Ê (Figure 2) , showing that the assembled capsids are closely similar to infectious PPV, consistent with immunological results, 24 and that no other virus or host cellspeci®c components are required for capsid assembly. Baculovirus-expressed virus-like particles have also been produced for MVM, 25 and these crystallized in a form that was isomorphous with crystals of MVM virions.
The channels at the 5-fold vertices contain no electron density, which is consistent with other structures of empty parvovirus capsids, where the amino-terminal, glycine-rich sequence is internal to the virus rather than being threaded through the 5-fold pore. 3, 4, 6, 9 Unlike the structures of DNAcontaining infectious parvovirus, 3,7 the PPV capsid structure does not contain any ordered ssDNA, showing that these baculovirus-expressed particles did not bind cellular DNA.
NADL-2 isolates differ consistently from Kresse and related isolates at ®ve positions in VP2. Interchange of residues at positions 378, 383, and 436 is suf®cient to alter the phenotype between NADL-2 and Kresse, although it is not known whether all three sites are essential 17 ( Table 1 and Figure 3 ). The amino acid changes at these three positions are less conservative than the changes at the other two sites. Residue 436 (Ser in NADL to Pro in Kresse) is located at the top of the 3-fold spike (Figure 4 (a)), whereas 378 (Asp to Gly) and 383 (His to Gln) are located (Figure 4(b) ) on the edge of the canyon, 41 A Ê from residue 436. Contrary to expectation, the modeling of proline at residue 436 Figure 1 . Non-rooted phylogenetic tree of parvovirus evolution based on amino acid sequence comparisons of VP2. Numbers are the point-accepted mutations (PAM) per 100 residues between nodes. 37 Abbreviations: CPV, canine parvovirus; FPV, feline panleukopenia virus; Rac, raccoon parvovirus; MVM, minute virus of mice; Mp1, mouse parvovirus 1; Ham, hamster parvovirus; Mnk, mink enteritis virus; DNV, densovirus; B19, the human parvovirus; DPV, duck parvovirus; GPV, goose parvovirus; AAV, adeno-associated viruses; Bov, bovine parvovirus; and PPV, porcine parvovirus.
would create little distortion of the polypeptide backbone. The surface residue Lys314 interacts with the surface residue Asp509 and the phenotype-speci®c residue Asp378, located just below the surface (Figure 4(b) ). Thus, the change of Asp378 to glycine, as in Kresse, is likely to alter the Figure 2 . Sequence alignment of PPV, FPV, and MVM based on structural comparisons. The numbering system is that of PPV. Plots are shown of the external (lighter blue) and internal (darker blue) accessibility of capsid surface residues averaged over a ®ve-residue window. Residue conservation (orange) is averaged over a 21-residue window. C a differences between PPV and FPV are shown in light green and between PPV and MVM are in dark green. Regions of large conformational differences are indicated by light green bars. b-Sheets A to I (green) and a-helices bA and bB (blue) are indicated on the alignment. NADL-Kresse differences are marked red on the aligned sequences.
Porcine Parvovirus Structure conformation of Lsy314, and in turn Asp 509, changing the putative receptor attachment site. Similarly, altering His383 of NADL-2, located just below the surface (Figure 4(b) ), to glycine would break any existing hydrogen bonds with the surrounding main-chain carbonyl groups, also altering the surface con®guration. Thus, while the surface conformational changes between NADL-2 and Kresse are likely to be small around residue 436, changes of the other two residues may produce larger structural changes.
Comparison of PPV with FPV and MVM
The largest structural differences among PPV, FPV, and MVM occur at residues on the outside surface of the capsid, with the largest changes associated with eight speci®c regions (Figure 2 ). Although these structural differences are located on the capsid surface, they tend to avoid protruding features (Figures 2 and 5) . Similarly, the sequences of the exposed surface loops are less conserved than internal regions of the capsid. The larger variation of the capsid's surface regions implies that each species of virus interacts with different host molecules.
The tip of the loop associated with the channel on the 5-fold axis (around residue 160) is very¯ex-ible, although the rest of the loop (150 to 170) is well de®ned and similar in structure among PPV, FPV, and MVM. The sequences of this loop in the PPV, CPV, and FPV capsids are very similar, but have greater differences with respect to MVM and other parvoviruses. Therefore, the region of the virus surface in the vicinity of the 5-fold axes may have a common function in PPV, CPV, and FPV, such as receptor attachment. For instance, this region might interact with a host factor in PPV, FPV, and CPV.
The capsids of CPV and FPV bind two calcium ions per icosahedral asymmetric unit coordinated by residues Asp237, Asp239, Asp240, Asp405 and Gln549. These ions may be involved in the pHmediated binding of a host molecule that in¯u-ences host range. 26 This region of the capsid surface is particularly variable between FPV, PPV, and MVM, both in terms of sequence and structure. Neither PPV nor MVM have bound Ca ions at these sites, nor do they have residues capable of creating a Ca 2 binding site. Linear epitopes of PPV 27 map to the most exposed surface regions of the PPV structure ( Figure 6 ). However, only antibodies against the N-terminal region of VP2 were neutralizing, implying that the amino-terminal region is threaded through the 5-fold pore in DNA-containing capsids, as has been observed in other parvoviruses.
28,29

Methods and Materials
The VP2 gene of the NADL-2 strain of PPV was cloned into the pFastBac (Bac-to-Bac vector system; Gibco-BRL, Gaithersberg, MD). The recombinant plasmid was then transfected into Sf9 insect cells to prepare the baculovirus. To prepare parvovirus capsids, the baculovirus was used to infect High Five cells (Gibco-BRL) grown in suspension culture in High Five serum-free medium, and incubated for three days at 28 C. The cells were pelleted by centrifugation and lysed with 0.8 % (v/v) NP40 detergent, then treated with 2.5 mg/ml of DNase and 15 mg/ml of RNase A for 30 minutes at 37 C. The self-assembled capsids were banded in a CsCl gradient consisting of steps with densities of 1.25 g/cm 3 and 1.4 g/cm 3 . The capsids formed a band in the 1.4 g/cm 3 step and were then extracted with chloroform, pelleted at 100,000 g for six hours at 10 C. After resuspending in 20 mM Tris HCl (pH 7.5), the capsids were banded twice in linear 10 %-40 % sucrose gradients at 100,000 g for 6.5 hours at 10 C. The recovered capsids were dialyzed against 20 mM Hepes-NaOH (pH 6.5) and then concentrated to 10 mg/ml by ultracentrifugation at 100,000 g for two hours.
Crystals were grown at 18 C in 20 mM Hepes-NaOH (pH 6.5), containing 8 mM CaCl, 0.05 % (w/v) sodium azide and with 1.0 % or 1.5 % PEG8000 as a precipitant.
The crystals grew as thin plates over a period of several weeks to a maximum size of approximately 0.2 mm Â 0.02 mm Â $ 0.01 mm. The crystals were soaked in a cryo-protectant consisting of the mother liquor with 25 % glycerol for approximately two minutes prior to freezing. Data were collected on beamline 14BM-C at the Advanced Photon Source (Argonne National Laboratory), using a 345 mm MAR imaging plate detector. Exposures of one minute for a slightly larger, and four minutes for a slightly smaller crystal, were used with 0.2 oscillations, giving weak diffraction to 3.5 A Ê Table 1 for residue changes in Kresse-PPV.
Porcine Parvovirus Structure resolution. A long detector distance of 565 mm was used, with a helium path, in order to minimize background noise. Data from two crystals were processed, using the HKL program package. 30 The primitive orthorhombic crystals had unit cell dimensions of a 442.49 A Ê , b 443.05 A Ê , and c 251.31 A Ê . Initial calculations used the merged data from both crystals, consisting of 185 and 225 images ( Table 2 ). The smallness of the crystals caused the data to be extremely weak, giving rise to uncomfortably large R sym values. A structure of FPV (RCSB PDB accession number 1C8E) was used as a model for molecular replacement calculations and as a source of starting phases for improvement by NCS averaging. Structure factors to 6 A Ê resolution were derived from the model and used to calculate cross-rotation and translation functions, using the program AMoRe. 31 The translation function was performed in all the primitive orthorhombic space groups, using the structure factor correlation coef®cient as the target function. A clear solution to the translation function was found in space group P2 1 2 1 2, using the highest peak in the crossrotation function, which gave a correlation coef®cient of 0.435 and an R-factor of 44.8 %, which improved to 0.555 and 41.6 %, respectively, after rigid body re®nement. The CPV particle was positioned in the unit cell at fractional coordinates 0.2338,0.2257,0.2573, with the orientation corresponding to the Eulerian angles 10.84 , 27.75 , 8.82 , relative to the orientation and position of the search model. Structure factors were calculated based upon the model coordinates to 3.5 A Ê resolution. Since data completeness is important in the initial stages of molecular replacement, but data quality is more critical for an accurate structure determination, the data from only the better-ordered of the two crystals were used for phase improvement ( Table 2 ). The phases from the model were improved by 50 cycles of 60-fold noncrystallographic symmetry (NCS) averaging, using the program DM. 32 All non-averaged (``solvent'') grid points were¯attened to the mean electron density value in that region. Unobserved re¯ections were estimated by back-transforming the average map and used for calculating the next electron density map. The structure was built, using FPV as a starting model, with the programs XtalView 33 and O. 34 Although the structure amplitudes were extremely weak (Table 2) , the electron density was easily interpretable as a consequence of the 60-fold NCS redundancy.
Positional re®nement, constrained by NCS, was performed with the program CNS, 35 using structure amplitudes greater than 1s and a maximum-likelihood target function based on amplitudes only. 36 This target function was critical because of the weakness of the data. Restrained temperature factor re®nement was used subsequently employing all non-negative data. The use of a cutoff that is dependent upon structure amplitudes introduces a resolution-dependent bias, increasing the apparent mean intensity at high resolution and, therefore, underestimating the temperature factors. This was followed by a ®nal positional re®nement, carried out as described above. The ®nal R-factor (Figure 7 ) was 27.5 % with 37.7 % in the highest resolution range for structure amplitudes greater than 1s, representing 55 % of the observed data in the outermost resolution shell. The correlation coef®cient falls below 0.5 beyond 3.6 A Ê resol- Figure 6 . Distribution of antigenic residues on the viral surface (left) and radial surface height (right). ution, which may, therefore, be taken as the ®nal resolution of the structure. In con®rmation of this assessment of structure quality, a part of the electron density is shown (Figure 7(b) ), which is clearly different in the ®nal structure compared to the initial phasing model. The ®nal overall real and reciprocal space correlation coef®-cient were 0.87 and 0.70, respectively.
Protein Data Bank accession code
The coordinates have been deposited with the RCSB PDB (accession number 1M3V). Graph showing correlation coef®cients (broken) and R-factor (continuous) with resolution. The broken line with crosses corresponds to the initial model used for molecular replacement. The broken line without crosses corresponds to the end of NCS density averaging and modi®cation after 50 cycles. The continuous line shows the R-factor for re®ned atomic model using data >1s. The continuous line with circles shows the Rfactor using all data. (b) The ®nal averaged PPV electron density map derived from the initial CPV model (green), ®tted with the PPV structure colored according to atom type. Shown is the PPV sequence S323 and Y324 corresponding to the CPV sequence Y324 and I325.
